We studied dissociative electron attachment to a series of compounds with one or two hydroxyl groups. For the monoalcohols we found, apart from the known fragmentations in the 6-12 eV range proceeding via Feshbach resonances, also new weaker processes at lower energies, around 3 eV. They have a steep onset at the dissociation threshold and show a dramatic D/H isotope effect. We assigned them as proceeding via shape resonances with temporary occupation of s * O-H orbitals. These low energy fragmentations become much stronger in the larger molecules and the strongest DEA process in the compounds with two hydroxyl groups, which thus represent an intermediate case between the behavior of small alcohols and the sugar ribose which was discovered to have strong DEA fragmentations near zero electron energy [S. Ptasin´ska, S. Denifl, P. Scheier and T. D. Ma¨rk, J. Chem. Phys., 2004, 120, 8505]. Above 6 eV, in the Feshbach resonance regime, the dominant process is a fast loss of a hydrogen atom from the hydroxyl group. In some cases the resulting (M À 1)
Introduction
The interest in electron-induced chemical processes has recently been renewed by the discovery that electrons at subionization 1 and even subexcitation energies 2 damage DNA and by the emerging applications in materials science. 3 Electron-induced chemistry at subionization energies can proceed either via electronic excitation of the target or, particularly at energies too low for electronic excitation, by way of dissociative electron attachment (DEA). 4 The latter mechanism is particularly important because even a high energy primary electron (or g photon) impinging on a material or on a biological tissue leads to a ''shower'' of low energy electrons, providing a large amount of subionization electrons with energies suitable for DEA.
These applications renewed the interest in the corresponding elementary step, the DEA to isolated polyatomic molecules in the gas phase and, in particular, to molecules of biological interest with many interesting findings. [5] [6] [7] [8] [9] [10] In our earlier work we studied several saturated compounds containing the amino-and the hydroxyl groups which could be considered as model compounds for biomolecules. 11 We used the comparison between the HeI photoelectron spectra and the DEA spectra to identify the Feshbach resonances and to assign the DEA bands and found that all DEA bands could be explained by Feshbach resonances, the low-lying ones being localized on the functional groups. In the present paper we substantially extend the work on the alcohols and report several new findings, in particular, the involvement of shape resonances at low energies, dramatic isotope effects, cases of state and site selective chemistry, and more insight into the mechanism of fragmentation of Feshbach resonances.
The process of DEA has been extensively studied in the past. 4, 12 As has been summarized in our earlier paper, 11 many DEA spectra of polyatomic molecules follow the same general pattern. They can be divided into a low energy domain, between zero and about B5 eV, and a high energy domain, about 5-14 eV.
DEA in the low energy range is generally initiated by an electron capture to form a shape ('one particle') resonance. The initial phase of the DEA is characterized by a competition of a very fast autodetachment and stabilization of the negative ion by a distortion of the molecular frame. The bands in the low energy range can often be assigned by their coincidence in energy with resonances found in the electron transmission spectrum (ETS) or vibrational excitation cross sections. Insight into the mechanism can be gained by comparing the appearance energies of the various fragments with the thermochemical thresholds because generally only few dissociation channels are energetically open. The low energy processes in methyl acetate may serve as typical examples. 13 In addition, vibrational Feshbach resonances (VFR) 14 may serve as doorway states to initiate DEA at very low energies. Representative examples are CH 3 I, 15 N 2 O 16 and ethylene carbonate. 17 The VFR mechanism has been shown to be operative in uracil and thymine. 7, 18 In virtually all compounds one or several DEA bands are also found in the 5-14 eV range. The assignment of these bands is more difficult because no (or only very weak) corresponding features are found in the other channels of electron scattering, like vibrational excitation or total crosssection (as revealed by the ETS). The situation is complicated http://doc.rero.ch by the fact that dissociation into many different fragments is energetically possible, and many different fragments often actually occur. It appears that most DEA bands in this energy range are due to Feshbach resonances with double occupation of Rydberg-like orbitals and a positive ion core. 19, 20 An unambiguous assignment of the high energy bands to such resonances has occasionally been possible in small molecules where the DEA bands have sharp vibrational structure which resembles that of a Rydberg excited state of the neutral molecule (the parent state) and that of the photoelectron band of the positive ion (the grandparent state). Examples are ammonia 20 and acetaldehyde. 21, 22 In view of the high energy and the competition with fast autodetachment it is somewhat surprising that complex fragmentations involving 'scrambling' are often observed. They indicate that a relatively long time is available for the dissociation. The mechanism involves propagation of the nuclear wave packet on a manifold of the Rydberg-like anion states, possibly predissociated by repulsive valence states, as recently explicitly calculated for water. 23 The analogy to conical intersection 24, 25 is involved. Feshbach resonances with occupation of Rydberg-like orbitals are well known from scattering experiments other than DEA, in particular ETS of rare gases, diatomic and polyatomic molecules [26] [27] [28] [29] or in the vibrational excitation crosssections (for an example see ref. 30 ). The energies of these Feshbach resonances were found to have a simple relation to the energies of the parent Rydberg states and the grandparent state of the cation. The relation depends only weakly on the molecule in question. The electron affinity of the parent Rydberg state is of the order of 0.3-0.5 eV for the s 2 configuration. [26] [27] [28] [29] 31 Read expressed the relation with a modified Rydberg-Ritz formula. 32 Spence 33 fitted a linear relationship between the energy of the Feshbach resonance E F and the first ionization energy I, E F = A Á I + B, for many hydrogen-and methyl halides. The slope A had the value of around 1. The constant B had the values À3.9 and À1.8 eV for the s 2 and p 2 configurations, respectively. This means that the s 2 Feshbach resonance was always found B4 eV below its grandparent state, the ground state of the ion.
For completeness, it should be mentioned that in an intermediate energy range, B4-7 eV, DEA bands have been found which have nearly the same energy as, and resemble in shape, the low-lying singlet valence excited states of the target molecule. These bands have been found in unsaturated compounds and assigned to resonances where an s-like electron is weakly bound to a valence-excited core. Examples are CS 2 34 and other molecules (for example, norbornadiene, cyclopentadiene, SO 2 ). 35 This paper presents dissociative electron attachment spectra of a series of alcohols and attempts to assign the observed bands to various types of resonances as outlined above. The assignment is guided by a comparison with HeI photoelectron spectra and vibrational excitation cross-sections.
Methods
The dissociative electron attachment spectrometer used to measure the yield of mass-selected stable anions as a function of electron energy has been described previously. 17, 36 It employs a magnetically collimated trochoidal electron monochromator to prepare a beam of quasi-monoenergetic electrons which is directed into a target chamber filled with a quasi-static sample gas. Fragment anions are extracted at 901 by a three-cylinder lens and directed into a quadrupole mass spectrometer. The energy scale was calibrated on the onset of the O À /CO 2 signal at 4.0 eV. The electron current was several hundreds of nanoamperes and the resolution about 150 meV.
A common problem with DEA instruments equipped with a trochoidal monochromator is the difficulty of detecting light ions, specifically H À and D À , because the magnetic field required for the operation of the trochoidal monochromator is perpendicular to the ion path and deviates the light ions in the ion transporting lens, preventing them from reaching the quadrupole mass spectrometer. (The time-of-flight spectrometer without a magnetic field of Krishnakumar is better in this respect.
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) Our ion lens has two pairs of x, y deflectors, situated near its entrance and its exit, 17 which were used to compensate the deflection by the magnetic field. The electron beam current and, consequently, the sensitivity have been improved in comparison to our earlier work, permitting the detection of weak bands not reported earlier. Care was taken to make the measurements at sufficiently low pressures as ion-molecule reactions of the type
were often found to distort the spectra at higher pressures. The vibrational excitation cross-sections were recorded with a spectrometer using hemispherical electron-energy selectors. 37 The photoelectron spectra were recorded with a modified Perkin Elmer PS18 HeI photoelectron spectrometer.
Threshold energies for various fragmentations were calculated as the differences of the total energies of the products and the targets at 0 K, corrected for the zero point vibrational energy, using the density functional theory (DFT) B3LYP/6-311+G(2df,2p) model. 38 
Results and discussion
The alcohols studied in this work are shown in the following scheme (Scheme 1):
They include the two simple alcohols methanol and ethanol, and a series of alcohols all of which are to some degree related from the OD group at 5-8 eV, but from both hydroxyl and methyl groups around 10.5 eV. The concept of site selectivity was extended to other compounds and generalized by Prabhudesai et al.
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Our current spectrum of the CH 3 O À fragment, shown in Fig. 1 , is consistent with the earlier spectra but additionally reveals a weaker band peaking at 2.99 eV. Its left side is steep, consistent with a vertical onset at the energetic threshold, calculated from the experimental methanol acidity of 1596 kJ mol À1 43 to be 2.94 eV (Table 1 ). Since we did not find the required experimental acidities of all the compounds measured in this work, we also used DFT calculations to determine the threshold energies. Comparison of the threshold energies determined from experimental thermochemical data and calculated using quantum chemical methods for methanol and ethanol (Table 1) indicates that the latter is reliable within about AE0.2 eV, sufficient for the present purposes. The observed DEA bands are broadened by the finite resolution of the experiment and possibly also by 'hot bands', signals from thermally vibrationally excited molecules. It is therefore not quite trivial to decide at what position on the observed band the experimental onset should be taken-it depends on the inherent shape of the band. For a step-shaped band the onset should be taken at 50%, for a line-shaped band at 100% of the band height. Since the real band shape is somewhere between these two extremes we adopted the same pragmatic approach as in an earlier work 44 and take the value at 75% of the height. The agreement between calculation and theory obtained with these rules and indicated in Table 1 is satisfactory.
The 2.99 eV band can not be assigned to a core-excited resonance because of lack of suitable parent electronically excited states (both Rydberg and valence). At the same time the energy is too high for an assignment to a dipole-bound resonance or a virtual state. The dissociation must thus proceed via a 2 (s*) shape resonance, as will be discussed in more detail below in connection with ethanol. The H À yield, also shown in Fig. 1 , is very similar in shape to the CH 3 O À yield above 6 eV, indicating that the same Feshbach resonances dissociate into both fragments-the charge distribution is not selective. The 2.99 eV band is missing in the H À yield-this is probably because of the higher threshold for H À formation. The O À yield is consistent with earlier results. 
The DFT values were calculated as described in section 2. The ''therm.'' values were derived from experimental thermochemical data, in particular the gas phase acidities. 43 The onsets of the DEA bands were taken from the present spectra Study of the fully and the partially deuterated methanols revealed a strong isotope effect for the 3 eV band (Fig. 2) . The signal has dropped below the detectability limit when the hydroxyl group was deuterated, indicating an isotope effect of more than a factor of 10. The process thus resembles the formation of H À from H 2 where the large width of the 2 S u s* shape resonance (G B 4 eV at the H 2 equilibrium internuclear distance in the nonlocal model of Mu¨ndel et al. 45 ) causes an isotope effect of a factor of 200. 46 Physically, the dramatic drop of the cross-section is a consequence of the slower motion of the heavier deuterium compared with the lighter hydrogen, leading to longer dissociation time, and thus less favorable competition of dissociation with the very fast autodetachment.
Our present experiment does not measure absolute crosssections but we estimated the relative cross-sections for the various methanol isotopomers by recording signal intensities for the same pressure (same Penning gauge reading) and the same electron beam current. These measurements confirmed the strong isotope effect for the 3 eV band mentioned above where the cross-section for breaking the O-H bond is at least 10Â larger than that for breaking the O-D bond. Deuteration of the methyl group also has an effect, albeit weaker, on the cross-section for breaking the O-H bond-the cross-section for breaking the O-H bond in CD 3 OH appears to be about 2Â larger than the cross-section for breaking the O-H bond in CH 3 OH. This observation is somewhat surprising because the above argument is not applicable -the O-H bond would be expected to dissociate equally fast whether the methyl group is deuterated or not. The reason could be related to the fact that the C-H modes in the methyl-deuterated compound are, in terms of frequency, better separated from the dissociating (O-H stretch) mode, reducing the possibility of fast intramolecular vibrational redistribution (IVR) which would quench the dissociation.
The pressure-normalized measurements further revealed (weaker) isotope effects for the bands in the Feshbach resonance region. The relative intensities of the three methanolate bands in the 6-12 eV range (i.e., the shape of the spectrum in this energy range) also depend to some degree on deuteration ( Fig. 1 and 2 ). The intensity of the highest band (8.1 eV) increased with deuteration, being about 2Â larger in CD 3 OD than in CH 3 OH. CH 3 OD yielded also the CHO À fragment (loss of D and of H 2 ).
Ethanol (2)
Fig . 3 shows the spectra for the major fragments from ethanol. Comparison of selected DEA spectra with vibrational excitation cross-sections (measured at 1351) and photoelectron spectra for ethanol (2) . The PE spectrum is shown shifted by À4.65 eV; a weak sharp peak due to a N 2 impurity is marked. D À and H À yields from ethanol-d 1 are shown in the bottom two spectra.
Finally the photoelectron spectrum shows overlapping bands due to ionization from various C-H and C-C s orbitals above 13 eV and the broad DA bands appearing around 9.15 eV in the DA spectra can be assigned to the corresponding Feshbach resonances.
A weaker band appears at 2.88 eV in the (M À 1) À /EtOH spectrum. It can be assigned to a very short-lived s * OH shape resonance, similarly to methanol. The shape of the band is asymmetrical, consistent with a vertical onset at the energetic threshold. The signal onset, taken at 75% of peak height, is at 2.75 eV in good agreement both with the value of 2.81 eV determined from the experimental gas phase acidity of ethanol 43 and the value of 2.69 eV obtained from DFT calculations ( Table 1) . As in the methanol case, a very short lifetime (large width) of the resonance responsible for the 2.88 eV band is deduced from the very pronounced isotope effect, shown in Fig. 4 : the band is about 4Â weaker when the hydroxyl hydrogen is replaced by deuterium.
Additional evidence for the identity of resonance processes is provided by the cross-sections for vibrational excitation (VE) because they are generally enhanced by resonances, in particular by shape resonances 47 and by vibrational Feshbach resonances. 14 We therefore compare the DEA spectra to selected VE spectra in Fig. 3 . The cross-sections for the excitation of two vibrations are shown. The spectrum for the excitation of the C-H stretch vibration is similar to the C-H stretch excitation in hydrocarbons 48 -it consists of a very broad band peaking around 7.5 eV which could be assigned to a temporary occupation of s * CH orbitals, the large width of the band indicating a very large autodetachment width and possibly also several overlapping resonances.
The cross-section for the excitation of the O-H stretch vibration is similar to the cross-section observed in formic acid 49 -it peaks at threshold and then decreases slowly over an energy range of several eV. The electron cloud associated with this resonant process must be located on the O-H bond (because it excites selectively the O-H vibration). The band in the O-H stretch vibrational excitation cross-section is much broader than the band in the (M À 1)
À DEA band in Fig. 3 , but we propose that both processes are due to the same s* shape resonance, possibly enhanced by dipole binding at low energies. It is well established that shape resonances with large autodetachment widths can result in relatively narrow DEA bands. The prototype examples are H 2 50,51 and the halogen halides. 14, 52 The H 2 case has in common with the present observation in ethanol also the large isotope effect. The cause of the striking difference of the DEA and the VE band widths in these cases is, on the one hand, the vertical DEA signal rise at the threshold and, on the other hand, the rapid increase of the resonant autodetachment width with energy 50,51 and consequently rapid decrease of the DEA cross-section.
The hydrogen halide resonance phenomena at low energies are the result of a s* valence state at large internuclear distances and dipole binding of the extra electron at shorter internuclear distances, 14, 52 which causes the anion potential curve to bend down before it crosses the potential curve of the neutral molecule. A similar situation has also been identified in uracil and thymine. 18 The dipole moments of methanol (1.7 D) and ethanol (1.5 D) are not much less than that of HF (1.8 D) and it is thus probable that dipole binding also bends the anion potential surface down at stretched O-H distances and affects VE and DEA in the alcohols at low energies. An ultimate proof of vibrational Feshbach resonances are the structures in the VE cross-sections slightly below the vibrational levels of the neutral molecules-like those found in HF or CO 2 .
14 We searched but did not find any such structures in methanol and ethanol VE cross-sections, however.
The DEA bands at 6.0, 7.7 and 8.8 eV do not have any obvious analogs in VE (Fig. 3) , providing a further evidence that they are due to core excited Feshbach resonances and not to s* shape resonances. Fig. 5 shows the yields of the less expected fragments (M À 3)
À and (M À 5) À from EtOH and the corresponding fragments from EtOD. Fig. 6 shows tentative structures of the products and Table 2 gives the corresponding calculated threshold energies. The (M À 3) À fragment is presumably the result of a loss of an H atom and an H 2 molecule and its structure could be that of an acetaldehyde deprotonated in the a position-the negative charge is stabilized by delocalization over three atoms which results in the relatively large acidity of the a hydrogen in carbonyl compounds. For this reason it has already been found to be an important fragment in DEA to acetaldehyde. 53 Table 2 indicates that the threshold energy for this fragmentation is surprisingly low, in fact the fragmentation of the CH 3 CH 2 O À anion into H 2 + CH 2 CHO À is thermoneutral. This means that the m/z = 43 fragment could appear already around 3 eV-the fact that it is not observed there indicates that the fragmentation has an activation barrier and does not proceed without excess energy. The (M À 5) À fragment is presumably the result of a loss of an H atom and two H 2 molecules, and its structure could be that of a deprotonated ketene. Deprotonated ketene is a stable anion and has already been observed in DEA to methyl acetate. 44 The calculated threshold energy is well below the actual appearance of this fragment (Fig. 5) . Fig. 3 also illustrates another interesting effect-deuterium atom is lost from CH 3 CH 2 OD via the relatively narrow 6.35 and 7.85 eV Feshbach resonances whereas hydrogen is lost via a broad 9.18 eV feature. As already mentioned above, we assign this broad 9.18 eV feature to Feshbach resonances with holes in the s CH orbitals, that is, we observe that hydrogens are lost from the hydroxyl group for Feshbach resonances located on the hydroxyl group, and hydrogens are lost from the alkyl group for Feshbach resonances located on the alkyl group. The broad (M À 1) À 8.8 eV band in the undeuterated molecule CH 3 CH 2 OH is the sum of both processes, in this case indistinguishable. The state selective chemistry observed here is similar to that reported recently in acetic acid by Krishnakumar. 10 
Cyclopentanol (3)
The spectra are shown in Fig. 7 . The larger alkyl group of cyclopentanol as compared to methanol or ethanol has the consequence of many more s C-H and s C-C orbitals and many more corresponding cation states which cause the ''sigma C-C grandparent states. DEA to cyclopentanol yields also the less expected fragments with masses with m/z = 57 and 83. The mass spectra do not, of course, give any direct evidence of their structures but in the scheme in Fig. 8 we show what we consider to be the most plausible candidates for these fragments. In both cases the short-lived resonance formed by electron attachment is first stabilized by the loss of hydrogen atom to form a cyclopentanolate anion with substantial vibrational energy. This anion can then lose an H 2 molecule and form an adeprotonated cyclopentanone whose stability is the consequence of charge delocalization over three atoms and the ensuing relatively large acidity of a-hydrogens in carbonyl compounds, as already encountered above in connection with the a-deprotonated acetaldehyde fragment from ethanol. The pentanolate anion can also undergo an intramolecular hydrogen shift and lose an ethene molecule, yielding an a-deprotonated acetone as shown in the lower part of Fig. 8 . The loss of ethene appears to be a frequent process. In cyclobutanol (m/z = 72) we observed, apart from the (M À 1)
À ion, only one prominent fragment which corresponds to the loss of ethene from the (M À 1) À ion, yielding an ion with m/z = 43, H 2 CQCHO À , which can be understood as either the vinyl alcoholate ion or as an a-deprotonated acetaldehyde. Finally, the 2.67 eV band in the (M À 1) À spectrum in Fig. 7 is assigned to dissociation via a shape resonance as in methanol and ethanol. The onset is at a slightly lower energy than in methanol, and this change is reflected in the calculated threshold energy (Table 1) .
Tetrahydrofuran-3-ol (4)
The spectra are shown in Fig. 9 . The photoelectron spectrum has a band at 9.98 eV, due to ionization from the ether oxygen lone pair orbital, and a second band at 10.9 eV, due to ionization from the hydroxyl oxygen lone pair orbital. When the PES band is shifted by an amount similar to the other alcohols, the first DEA band at 6.4 eV appears to correspond to the second photoelectron band, that is, to a Feshbach resonance with a hole on the hydroxyl oxygen. The absolute DEA cross-section of 4 (fragments of all masses combined) has been measured by Aflatooni et al. 39 who obtained a substantial value of 4.9 Â 10 À19 cm 2 at the peak of the 6.2 eV band-in contrast to the parent tetrahydrofuran with a peak crosssection of only 0.16 Â 10 À19 cm 2 . The H À yield in Fig. 9 can be compared to the H À yield obtained from 10 monolayer thick film of frozen tetrahydrofuran-3-ol by Antic et al.
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They observed a shoulder at 7.3 eV followed by a peak at 10 eV, features which probably correspond to the present features at 6.4 and 8.1 eV, but shifted toward higher energies by the surrounding molecules in the condensed phase-an effect similar to the blue shift of Rydberg states of neutral molecules.
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A band with an onset at 2.50 eV is observed in the (M À 1) À spectrum and is assigned to dissociation via a s * O-H shape resonance as in the preceding alcohols. The onset is at a distinctly lower energy than in methanol, and this change is reflected in the calculated threshold energy ( Table 1 ). The intensity of this band is substantially larger than that for the alcohols discussed so far. This could be a consequence of the 9 Photoelectron and DEA spectra of tetrahydrofuran-3-ol (4). The PE spectrum is shifted by À4.5 eV. stabilization of the s* orbitals due to the presence of two electronegative atoms and to the lower energy of the threshold. The broad band at 8.66 eV is presumably due to Feshbach resonances associated with ionization from the s C-C and s C-H orbitals.
The fragment with m/z = 59 whose spectrum is shown in Fig. 9 corresponds to the loss of an ethene molecule from the (M À 1)
À anion. The structure of the m/z = 59 anion could be either the OCH 2 CHO À anion obtained when ethene is split off from tetrahydrofuran-3-ol, or its more stable rearranged form, the acetate anion CH 3 COO À . Also observed, but not shown in Fig. 9 , was a fragment with m/z = 57, which corresponds to the loss of a formaldehyde molecule from the (M À 1) À anion.
Its structure could be that of an a-deprotonated acetone, isoelectronic with the acetate anion and also stabilized by the delocalization of the charge over three atoms. A fragment with m/z = 41, probably deprotonated ketene, is observed with an incident energy of 8 eV. OH À is presumably the result of direct breaking of the C-OH bond.
(Tetrahydrofuran-3-yl)methanol (5)
The spectrum in Fig. 10 reveals that the (M À 1) À fragment is observed with an onset at 2.36 eV, consistent with the calculated threshold (Table 1) . Like in tetrahydrofuran-3-ol, the PE-spectrum has two low-lying bands, corresponding to ionization from the ether and the hydroxyl oxygen lone pair orbitals, but only one Feshbach resonance band in the 6-7 eV range. The assignment of the 6.4 eV DEA band to the second PE band appears more probable-the assignment to the first band would require shifting the PE-spectrum by an amount too different from that used for the monoalcohols 1-3. 
(Tetrahydrofuran-2-yl)methanol (6)
This compound is structurally closely related to the previous one, with the difference that it can build an intramolecular hydrogen bond, not possible in (tetrahydrofuran-3-yl)methanol. This hydrogen bridge slightly stabilizes the neutral target molecule and has the consequence of slightly increasing the threshold for the (M À 1) À formation. This slight increase is reflected both in the increase of the energy of the (M À 1) À fragment onset ( Fig. 10 and 11 ) and the calculated threshold energy (Table 1) . Fig. 10 DEA and PE spectra of (tetrahydrofuran-3-yl)methanol (5). The PE spectrum is shown shifted by À4.35 eV. Fig. 11 DEA and PE spectra of (tetrahydrofuran-2-yl)methanol (6) . The PE spectrum is shown shifted by À4.5 eV.
The fragmentation pattern (Fig. 11) in the Feshbach resonance range closely resembles that of the preceding compound À observed already at energies below the Feshbach resonances, with a band peaking at 4.3 eV in Fig. 11 . We propose two mechanisms for its formation: either it could correspond to a simple breaking of a C-C bond to give the CH 2 OH + c-C 4 H 7 O À fragments with a calculated threshold at 3.43 eV (Table 2) or it could correspond to the loss of the ethane molecule, CH 3 CH 3 , and have the structure of the conjugate base of the acrylic acid, CH 2 QCHCOO À . The latter process has a surprisingly low calculated threshold of 0.42 eV (Table  2) , but would require a more substantial rearrangement of atoms during the reaction. The onset of this band is above the threshold for both possible explanations, indicating activation energy in the fragmentation. An m/z = 83 fragment is weakly observed (but not shown in Fig. 11 ) and could correspond to the loss of a water molecule from the (M À 1) À anion and have the structure of an a-deprotonated cyclopentanone.
The H À yield in Fig. 11 can be compared to the H À yield obtained from 10 monolayer thick film of frozen (tetrahydrofuran-2-yl)methanol by Antic et al., 54, 55 with the same conclusions as reached for tetrahydrofuran-3-ol in section 3.4.
3.7
Cis-and trans-cyclopentane-1,2-diols (7) and (8) Fig. 12 and 13 show the PES and DEA spectra of two representative diols. The oxygen lone pair orbitals give rise to two bands in the photoelectron spectrum. MO calculations indicate that charge in the cis compound cation is localized to a large degree-the HOMO is essentially the lone pair on the O-atom participating in a hydrogen bridge whereas HOMO-1 is essentially the lone pair on the O-atom not participating in a hydrogen bridge. The OH groups in the trans compound are not involved in hydrogen bonds and are thus essentially equivalent. As a consequence, both HOMO and HOMO-1 are delocalized, with equal coefficients on each oxygen lone pair. The two lone pair orbitals in the trans compound are too far apart for a through-space interaction, but both are subject to destabilizing through-bond interactions. MO calculations indicate that the through-bond interaction is slightly stronger for the in-phase combination (n O + n O 0 ), which then becomes the HOMO, than for the out-of-phase combination (n O À n O 0 ), which becomes the HOMO-1. The consequence is the 'reverse order' of the cationic states. http://doc.rero.ch
The most striking feature of the DEA spectra of the diols is the decreasing energy and increasing relative intensity of the low energy band in comparison to the monoalcohols-they are more intense than the Feshbach resonance bands.
The decreasing thresholds are the result of the increased electron affinity of the fragments, particularly for the cis compound where the negative charge is stabilized by a hydrogen bridge. The increase in intensity could be a consequence of decreasing autodetachment width of the lowest s* resonance as a result of its decreased energy.
These results are potentially interesting in relation with the DEA spectra of deoxyribose, recently studied by Ptasin´ska et al. 58 and of D-ribose, studied by Bald et al. 9 Both have a fivemembered ring in their furanose form and the former has three, the latter four hydroxyl groups and may thus be considered as a continuation of the present series of monoand dialcohols. Both in the deoxyribose and the D-ribose intense signals were observed already at 0 eV, in continuation of the trend of increasing intensity of the low energy signals with increasing number of hydroxyl groups reported for mono-and dialcohols in this work. New in the sugars are fragmentation channels with very low thresholds, leading to several stable molecules like H 2 O and CO 2 , 9,40,58 which we did not observe in the alcohols studied here.
Conclusions
We observe two groups of electron-induced dissociations in hydroxyl-containing compounds. At higher energies, in the 5-10 eV range, the chemistry already well-known from smaller alcohols proceeds via Feshbach resonances, with a grandparent positive ion core and two electrons in diffuse Rydberg-like orbitals.
Additionally to the dissociations mediated by the Feshbach resonances, we report processes at lower energies, 2-3 eV, which start at their energetic thresholds. Dramatic H/D isotope effects indicate large autodetachment widths of the lowenergy resonances, which we assign as shape resonances with temporary occupation of s * OÀH valence orbitals. The corresponding potential surfaces are likely to acquire a dipolebound character and to bend down at intermediate O-H distances, similarly to the halogen halide cases.
The importance of the low energy process increases when a second oxygen atom is incorporated in the targets-in the tetrahydrofuran derived molecules-and increases even more when the number of hydroxyl groups is increased from one to two. For the diols the low-energy signal increases when the hydroxyl groups are closer together, that is, when the interaction of the s * OÀH orbitals of the individual OH groups is increased, therefore increasing the splitting of the two resulting molecular orbitals and stabilizing of the lower s * OÀH orbital. The trend toward larger intensity of the low-energy processes appears to be continued and further enhanced by the availability of fragmentations with very low thresholds in the sugars (leading to stable molecules like H 2 O and CO 2 ), which have even more OH groups, and where intense signals have already been observed starting at 0 eV. 9, 40, 58 Our observations provide indirect insight into the dynamics of the dissociation of the Feshbach resonances-which is not well understood in polyatomic molecules, with the notable exception of the recent detailed theoretical work on H 2 O. 23 The mass spectra do not, of course, give indication of the structure of the fragments, but the present work provides indirect evidence by 'chemical' means, by observing the trends in a number of related compounds. The observations made with the present compounds are that:
-The (M À 1) À and H À fragments are observed in all cases and generally represent the strongest signals.
-These fragments often carry a 'signature' of the Feshbach resonance involved, hydroxyl hydrogens depart from Feshbach resonances with a hole in the oxygen lone pair orbital, alkyl hydrogens depart from Feshbach resonances with a hole in the C-H localized orbitals.
-Fragments other than (M À 1) À and H À can in most cases be rationalized by subsequent dissociations of the initial (M À 1) À ion into stable structures, generally closed-shell molecules and closed-shell ions, often further stabilized by charge delocalization. These structures are often quite unrelated to the original structure of the target molecule, substantial reorganization of the atoms is required. These observations can be rationalized by assuming that the primary step in the dissociation of the Feshbach resonances associated with the ionization of the hydroxyl oxygen lone electrons is the loss of the hydroxyl hydrogen, that is, the acidic proton departs, together with the 'extra' electron. For the Feshbach resonances around 8 eV the primary process may be the loss of an alkyl hydrogen. These processes are, because of the low mass of the proton, fast enough to compete with the fast autodetachment of the resonance-this step is 'kinetically driven', on a time scale comparable to or shorter than a classical vibrational period.
The indirect information on the structures of fragments other than (M À 1)
À and H À indicates that their formation is 'thermodynamically driven', with preference for stable fragments. This indicates that these fragments are formed in a slower secondary reaction from the (M À 1) À ion. Some of the (M À 1) À ions formed in the initial fast step are likely to have enough internal energy for the secondary fragmentations. The energy distribution between the kinetic energy of the departing H-atom and the internal degrees of freedom in the initial fast step is to some degree statistical, that is, the (M À 1) À ion is generated with a distribution of internal energies. (The energy distribution of the departing H À ions has been measured for methanol 42 and a significant release of kinetic energy has been observed.) At least some of the (M À 1)
À ions are thus generated hot enough to further dissociate thermally, with preference being given to the most stable fragments, closed shell molecules and ions, which 'boil off' from the primary (M À 1) À ion. (M À 1) À ions which either do not have enough energy to dissociate or where the dissociation takes longer than the passage time through the ion lens and the quadrupole mass filter (about 10 ms) are detected with the M À 1 mass. An important difference between small molecules (like H 2 O) and the larger molecules is that the latter have many low-lying thresholds corresponding to the loss of stable molecules like ethene, formaldehyde, ketene, water, etc., opening many more fragmentation channels at relatively low energies.
In some cases a second fast primary dissociation appears to be the breaking of a C-O bond leading to loss of OH À or RO À . The low-energy (2-3 eV) processes are limited to the fast dissociations leading to the (M À 1) À ions, without subsequent fragmentations, although calculations indicate that the thresholds for some of the more complex fragmentations would be low enough. It seems that the primary (M À 1) À ions do not have enough energy to overcome activation energies involved in the atom 'scrambling' required for the 'thermodynamically driven' secondary fragmentations. These findings indicate that care must be taken in porting the results from isolated gas phase molecules to condensed phase, where the initially formed hot ion may be rapidly cooled by the surroundings, quenching further dissociations.
